Abstract Here we describe the expression profiles of the cytochrome P450 monooxygenase gene Cyp4g1 in the fruit fly, Drosophila melanogaster Meigen, and its homolog in the silkworm, Bombyx mori L. We identified Cyp4g1 by a microarray analysis to examine the expression levels of 86 predicted D. melanogaster P450 genes in the ring gland that contains the prothoracic gland (PG), an endocrine organ responsible for synthesizing ecdysteroids. B. mori Cyp4g25 is a closely related homolog of D. melanogaster Cyp4g1 and is also expressed in the PG. A developmental expression pattern of Cyp4g25 in the PG is positively correlated with a fluctuation in hemolymph ecdysteroid titer in the late stage of the final instar. Moreover, the expression of Cyp4g25 in cultured PGs is significantly induced by the addition of prothoracicotropic hormone (PTTH), a neuropeptide hormone that stimulates the synthesis and release of ecdysone. We propose that Cyp4g1 and Cyp4g25 are the candidates that play a role in regulating PG function and control ecdysteroid production and/ or metabolism during insect development.
Introduction
In arthropods, steroid hormones designated as ecdysteroids, such as ecdysone and its derivative 20-hydroxyecdysone (20E), are essential for precise progression through development (Thummel 2001; Gilbert et al. 2002; Spindler et al. 2009 ). Ecdysone is synthesized from dietary cholesterol via a series of hydroxylation and oxidation steps in the prothoracic gland (PG) during postembryonic development . Ecdysone is subsequently converted to 20E by the 20-hydroxylase present in the peripheral tissues .
Recently, molecular genetic studies using the fruit fly Drosophila melanogaster Meigen and the silkworm Bombyx mori L. have successfully identified several genes crucial for intermediate steps in ecdysone biosynthesis. The dehydrogenation of cholesterol to 7-hydrocholesterol (7dC), the first step in synthesizing ecdysone, is catalyzed by the Rieske-domain enzyme Neverland (Nvd) (Yoshiyama et al. 2006; Niwa and Niwa 2011; YoshiyamaYanagawa et al. 2011) . The conversion of 7dC to 5b-ketodiol is commonly referred to as a ''Black Box'' since no stable intermediate has been identified . Recent studies have demonstrated that the cytochrome P450 monooxygenases, CYP307A1/Spook (Spo) and CYP307A2/Spookier (Spok), and the short-chain dehydrogenase/reductase Non-molting glossy/Shroud are involved in the Black Box reaction Ono et al. 2006; Niwa et al. 2010 ). The terminal hydroxylation steps from 5b-ketodiol to ecdysone in the PG are catalyzed by three cytochrome P450 monooxygenases: CYP306A1/Phantom (Phm), CYP302A1/Disembodied (Dib) and CYP315A1/Shadow (Sad) (Chávez et al. 2000; Warren et al. 2002; Niwa et al. 2004; Warren et al. 2004; Niwa et al. 2005) . The conversion of ecdysone to 20E is also mediated by a P450 monooxygenase, CYP314A1/ Shade (Shd), in the peripheral tissues (Petryk et al. 2003) . Shroud and the P450 enzymes described above were identified from embryonic lethal mutants, known as the Halloween mutants, that exhibit embryonic ecdysone deficiency (Chávez et al. 2000) . The recent discovery of these ecdysteroidogenic enzymes greatly advances our knowledge of ecdysone biosynthesis at the molecular level. However, it has not yet been proven whether the enzymes identified thus far are sufficient for the conversion of cholesterol to 20-hydroxyecdysone. Therefore, it is unclear whether there are still unidentified enzyme(s) that are responsible for ecdysone biosynthesis.
Here, we report that another P450 gene, Cyp4g1, is highly expressed in the PG in D. melanogaster. A closely related homolog of Cyp4g1 from B. mori, Cyp4g25, is also expressed in the PG, and its expression profile is positively correlated with a change in ecdysteroid titer in the hemolymph during the late stage of the last larval instar. Furthermore, we show that in cultured PGs, the expression of Cyp4g25 is significantly induced by the addition of the prothoracicotropic hormone (PTTH), which is a crucial neuropeptide that stimulates the synthesis and release of ecdysone . These results suggest that Cyp4g1 and Cyp4g25 play a role in regulating the PG function during insect development.
Materials and methods

Insects
Silkworms, B. mori (KINSYU 9 SHOWA F1 hybrid), were reared on an artificial diet (Silkmate, Nihon-NosanKogyo, Japan) at 25°C under a 16 h light/8 h dark cycle. The first days corresponding to the developmental stages of the 4th to 5th larval ecdysis, wandering and pupation were designated as V0, W0 and P0, respectively. D. melanogaster flies were reared on standard agar-cornmeal medium at 25°C under a 12 h light/12 h dark cycle. Oregon R was used as the wild-type fly.
Microarray analysis
We created a customized cDNA microarray, which contained DNA fragments corresponding to 86 predicted D. melanogaster P450 gene that were chose in our previous study (Kasai and Tomita 2003) . A DNA fragment corresponding to each of the 86 P450 genes was amplified by PCR as previously described (Kasai and Tomita 2003) . Gene-specific primers used for PCR are listed in Table 1 . The DNA fragments of the 86 P450 genes were approximately 500-600 bp in length (Table 1) . PCR products were purified by agarose gel electrophoresis and then subcloned to pCR2.1 (Invitrogen). After DNA sequences of each of the PCR products had been verified, we re-performed PCR using pCR2.1 plasmids containing sequence-verified P450 fragments with the gene-specific primers (Table 1) . These PCR products were spotted onto microarrays. Total RNA from the ring glands and the brain-ventral nerve cord complex of the wandering 3rd instar D. melanogaster larvae were prepared using TRIzol reagent (Invitrogen). Spotting, cRNA amplification, fluorescent labeling, hybridization, detection and analysis were conducted by Bio Matrix Research, Inc., Kashiwa, Japan. One customized microarray contained 4 spots for each of the P450 genes. Spot intensities were normalized using a summation of total spot intensities in the hybridization experiments.
RNA in situ hybridization
Synthesis of DIG-labeled RNA probes and RNA in situ hybridizations were performed as previously described (Lehmann and Tautz 1994) . To synthesize sense and antisense RNA probes for Cyp4g1 and Cyp310a1, EST cDNA clones of the Berkeley Drosophila genome project GH05567 and LD44491, respectively (Stapleton et al. 2002) , were used as templates. To generate a template for synthesizing sense and antisense Cyp12e1 RNA probes, the ORF region of Cyp12e1 was amplified by PCR with primers (5 0 -ATGTTGTCAACGCAGTGGAACGCAAAT AAA-3 0 and 5 0 -AAACCCGATCTTAAAGTTTCTTACCA ACCG-3 0 ) using wild-type genomic DNA as template and subcloned into pBluescript.
Quantitative reverse-transcription PCR (qRT-PCR)
Single-stranded cDNA synthesis was performed as previously described (Niwa et al. 2004 ). qRT-PCR was performed using a real-time thermal Smart Cycler System (Cepheid) with the SYBR Premix ExTaq (TaKaRa). Specific primers used in this study were the following: 
0 ) and rpL3-reverse (5 0 -GGTC TCAATGTATCCAACAACACCGACAC-3 0 ). Serial dilutions of plasmids containing cDNAs of Cyp4g1, Cyp4g25, rp49 and rpL3 were used as standards. The plasmid containing Cyp4g25 cDNA was B. mori EST clone prgv0895 (Mita et al. 2003) , which was a gift from Kazuei Mita. PCR was performed with 40 cycles of 94°C for 5 s and 60°C for 20 s. The amount of each transcript was calculated based on crossing point analysis, with standard curves generated from the standard plasmids. Transcript levels of Cyp4g1 and Cyp4g25 were normalized to transcript levels of rp49 and rpL3, respectively, in the same samples. In vitro culture of PGs
The in vitro culture of PGs was performed as previously described Yamanaka et al. 2007 ). Recombinant PTTH (rPTTH) was prepared as previously described (Ishibashi et al. 1994) . V4 silkworms were anaesthetized by water submersion for 5 min. The PGs were dissected rapidly in sterile saline and pre-incubated in 100 ll of Grace's Insect Medium (Sigma). After 20 min, each single PG was transferred into 100 ll of medium in the presence or absence of 10 nM rPTTH, because ecdysone release from the PGs is at its highest in 10 nM rPTTH (Yamanaka et al. 2005) . After incubation for 30 min, 2 h, 4 h or 6 h, each PG was removed, frozen at -80°C and analyzed by quantitative RT-PCR. For experiments in which transcription was inhibited, the transcriptional inhibitor, a-amanitin (1 lg/ml) (Sigma) was used as previously described . The inhibitor was added to the pre-incubation medium 15 min before incubation with rPTTH. The inhibitors were also included during the incubation period (2 h). For experiments using ecdysteroids, the PG was cultured in the presence or absence of 74 nM of ecdysone (Sigma), as the amount of ecdysone released from a single cultured PG at 2 h post-PTTH stimulation was estimated at 3.44 ng in 100 ll medium, i.e., 74 nM, as previously reported .
Results
Microarray analysis for P450 expression in the D. melanogaster ring gland
To examine which P450 genes are predominantly expressed in the PG of D. melanogaster, we used our customized microarray on which non-redundant DNA fragments corresponding to 86 predicted P450 genes (Kasai and Tomita 2003) were spotted. We compared gene expression levels of all the predicted P450 genes in the ring glands containing the PG cells compared to the brain-ventral nerve cord (VNC) complex. Both the ring glands and the brain-VNC complexes were isolated from wandering 3rd instar larvae. The microarray data obtained from 2 independent experiments yielded 7 cDNAs showing a more than a twofold increase in expression in the ring gland when compared with expression in the brain-VNC complex. These 7 genes included the previously identified P450 genes known to be predominantly expressed in the PG and corpora allata of the ring gland (Figs. 1, 2) , such as sad , dib (Chávez et al. 2000) , phm (Niwa et al. 2004; Warren et al. 2004 ) and Cyp6g2 (Chung et al. 2009 ). Spok (Ono et al. 2006) was not identified from our microarray analysis simply because the spok probe was not included in our customized microarray. These results demonstrate the reliability of the microarray analysis.
D. melanogaster Cyp4g1 is strongly expressed in the prothoracic gland
In addition to dib, sad, phm and Cyp6g2, we found that 3 other P450 genes, Cyp4g1 (GenBank accession no. NM_080292), Cyp12e1 (NM_141746) and Cyp310a1 (NM_136047), exhibited a more than twofold expression change in the ring gland when compared to expression in the brain-VNC complex ( Fig. 1 ; Table 2 ). To confirm the gene expression in the ring gland, we performed RNA in situ hybridization. Whereas neither Cyp12e1 nor Cyp310a1 was strongly expressed in the ring gland (data not shown), we found that Cyp4g1 was predominantly expressed in the PG cells of the ring gland in the wandering 3rd instar larva ( Fig. 2a-e) . The Cyp4g1 transcript was exclusively observed in the PG, but not in other endocrine organs in the ring gland, such as the corpus allatum or corpus cardiacum. Curiously, the expression of Cyp4g1 was detected in a log (spot intensities by brain-VNC RNA samples) log (spot intensities by ring gland RNA samples) subset, but not all, of the PG cells (Fig. 2b-e) . In addition, spatial distributions of the Cyp4g1-expressing cells in the PGs were different among specimens (Fig. 2b-e) . Features of the spatial expression pattern of Cyp4g1 were unique and unlike the expression patterns of the previously identified ecdysteroidogenic genes (Chávez et al. 2000; Warren et al. 2002; Niwa et al. 2004; Warren et al. 2004; Niwa et al. 2010) . While it has been reported that Cyp4g1 is the most highly expressed P450 gene in the adult stage (Daborn et al. 2002; Kasai and Tomita 2003) and is also expressed in larval oenocytes (Gutierrez et al. 2007 ), our work is the first report of the expression of Cyp4g1 in the PG cells. We also examined the spatial expression profile of Cyp4g1 using qRT-PCR. In addition to high expression in the PG, Cyp4g1 was also highly expressed in the epidermis (Fig. 2f) . The epidermal expression of Cyp4g1 was thought to reflect the expression in oenocytes because strong in situ signals were detected in seven pairs of the oenocytes (Fig. 2g) , as reported in previous studies (Simpson 1997; Tarès et al. 2000; Tomancak et al. 2002; Gutierrez et al. 2007; Chung et al. 2009 ).
B. mori Cyp4g25, the closely related gene to D. melanogaster Cyp4g1, is also expressed in the prothoracic gland
We next examined whether a gene closely related to D. melanogaster Cyp4g1 was also expressed in the PG in another model insect, the silkworm B. mori. A BLAST search revealed that D. melanogaster Cyp4g1 is most similar to the B. mori gene Cyp4g25 (GenBank accession no. ABF51415) among all of the predicted genes in the B. mori genome. The deduced amino acid sequence of B. mori CYP4G25 compared to that of D. melanogaster CYP4G1 shows 49.6% identity, with an additional 16.0% of the amino acids judged to be similar. The Cyp4g25 transcript was detected in the PG of B. mori, as expected, as well as in other tissues including the salivary gland (Fig. 3a) . We also found that Cyp4g25 expression in the PG fluctuated in 5th instar larvae (Fig. 3b) . This fluctuation was especially prevalent in the wandering larvae in the late 5th instar larval stage; this change in the Cyp4g25 PG expression level correlated well with the change in the hemolymph ecdysteroid titer during development (Fig. 3b) . Around the wandering stage, the PTTH titer is elevated in the B. mori hemolymph (Mizoguchi et al. 2001 (Mizoguchi et al. , 2002 . We have previously reported that B. mori dib (dib-Bm) expression also dramatically increases in the wandering stage and is transcriptionally regulated by PTTH , raising the possibility that Cyp4g25 transcription is also regulated by PTTH. 10 nM recombinant PTTH (rPTTH). In this study, we used the PGs from V4 stage 5th instar larvae. PGs from V4 stage silkworms are highly sensitive to treatment with PTTH, as shown by elevated glandular cAMP levels and ecdysone secretion (Yamanaka et al. 2005) . Under our culture conditions, there was a significant induction of ecdysteroid production . We found that Cyp4g25 expression was significantly induced within 2 h in 4 These ratios are averages of signal intensities of 8 independent microarray spots in 2 independent experiments Appl Entomol Zool (2011) 46:533-543 539 independently isolated PGs (Fig. 4a) . After 2 h of treatment with rPTTH, Cyp4g25 mRNA levels showed more than an eightfold increase in expression over Cyp4g25 levels at the beginning of the incubation. The elevation of Cyp4g25 mRNA by rPTTH was significantly inhibited by the presence of a-amanitin, an inhibitor of RNA polymerase II-dependent transcription (Fig. 4b) , suggesting that PTTH regulates Cyp4g25 mRNA at the level of transcription. Indeed, the elevation of Cyp4g25 mRNA levels by rPTTH was more rapidly and drastically induced compared to that of dib-Bm . It is possible that the Cyp4g1 mRNA is induced by ecdysone, which is produced in and secreted from the PG by the PTTH stimulation. In order to test this hypothesis, we applied ecdysone at a concentration of 74 nM (see ''Materials and methods'') to cultured PGs in place of rPTTH. No significant increase of Cyp4g25 mRNA level was observed after 2 h of incubation with ecdysone as compared to rPTTH (Fig. 4c) .
These data suggest that Cyp4g25 is specifically transcriptionally regulated by PTTH rather than ecdysone during ecdysteroid biosynthesis in the PG. b The temporal expression profile of Cyp4g25 in the PG during the fifth larval (V) and pupal stages. The periods (in days) corresponding to the developmental stages of the fourth to fifth larval ecdysis, wandering and pupation were designated as V0, W0 and P0, respectively. The dashed line is a schematic representation of developmental changes in hemolymph ecdysteroid titer based on the data previously described (Kiguchi and Agui 1981; Kiguchi et al. 1985) . Each error bar represents the standard deviation from three independent samples. The normalized average Cyp4g25 mRNA level in W4 wandering B. mori larvae is set as 1 Each value is an average of the fold increase ± SE (N = 4). A long, dashed line represents the changes of dib-Bm transcript levels in cultured PGs in the presence of 10 nM rPTTH based on the data described in our previous study ). b Treatment with 1 lg/ml a-amanitin inhibits Cyp4g25 transcription after 2 h of incubation with rPTTH. Each value on the vertical axis is an average of the fold increase ± SE (N = 4). The gene expression level of the sample in the absence of both rPTTH and a-amanitin is represented as 1. Asterisk (*) indicates a statistical significance of P \ 0.05 using Student's t test. c Ecdysone (E) does not cause a significant increase of Cyp4g25 mRNA level. The grey and white bars represent the Cyp4g25 mRNA amounts (±SE; N = 4) in the 2 h treatment with and without 74 nM ecdysone, respectively. The expression level of Cyp4g25 in the absence of the reagent is represented as 1 on the vertical axis
Discussion
In this study, we identified D. melanogaster Cyp4g1 and showed that Cyp4g1 is highly expressed in the PG during embryonic and larval development. In addition, we demonstrated that the expression of the B. mori homolog of Cyp4g1, designated Cyp4g25, was in concert with the changes in ecdysone titer during the wandering stage of 5th instar larvae. We also showed that the expression of Cyp4g25 in cultured PGs is dramatically induced by treatment with PTTH. It should be noted that the increase of Cyp4g25 mRNA level was more rapid and drastic when compared to that of dib-Bm, which encodes a crucial enzyme for ecdysone biosynthesis . Considering that vertebrate neuropeptides that regulate steroidogenesis also affect the transcriptional regulation of steroidogenic enzymes (Kagawa et al. 1999; Sewer and Waterman 2003) , we propose that CYP4G1/CYP4G25 might play an important role in ecdysone biosynthesis in the PG in insects. A previous study showed that another P450 enzyme gene belonging to the CYP4 family, Cyp4c15, is specifically expressed in the steroidogenic gland in the crayfish, Orconectes limosus Rafinesque (Aragon et al. 2002) , suggesting that some of the CYP4 family members play a role in ecdysone biosynthesis not only in insects but also in other arthropods.
It has not yet been elucidated whether CYP4G1/ CYP4G25 contributes to ecdysone biosynthesis in the PG during development. A recent study demonstrates that Cyp4g1 expression in oenocytes is crucial for regulating the lipid composition of the fat body (Gutierrez et al. 2007) . Complete loss-of-function mutants of Cyp4g1 develop normally through larval and early pupal stages, but arrest during mid-to-late pupal stages; many fail during adult eclosion due to abnormal lipid metabolism (Gutierrez et al. 2007 ). Further analysis is needed to examine whether the pupal arrest phenotype of the Cyp4g1 mutants is partly due to a defect in ecdysone biosynthesis in the PG. However, these data indicate that Cyp4g1 is not necessary for embryonic and larval ecdysis at least in D. melanogaster.
We have not identified a specific enzymatic activity or any substrate for CYP4G1/CYP4G25. It is known that the mammalian CYP4 family includes a group of over 60 members that x-hydroxylate the terminal carbon of fatty acids (Hardwick 2008) . D. melanogaster Cyp4g1 is also thought to act as a fatty acid x-hydroxylase because flies with mutant Cyp4g1 exhibit abnormal lipid metabolism in oenocytes, as described above (Gutierrez et al. 2007 ). Therefore, CYP4G1/CYP4G25 might be involved in lipid metabolism in the PG and may indirectly regulate ecdysone biosynthesis. It would be interesting to examine whether specific lipid and fat depositions occur in the PG during development and whether lipid and fat contents affect ecdysone biosynthesis. Alternatively, it is possible that CYP4G1/CYP4G25 catalyzes a specific intermediate of the ecdysone biosynthesis pathway. Recent studies have revealed that the first and last 3 conversion steps of ecdysone biosynthesis are mediated by specific ecdysteroidogenic enzymes, namely, Nvd, Phm, Dib and Sad Niwa et al. 2004; Warren et al. 2004; Yoshiyama-Yanagawa et al. 2011) . We also examined whether the CYP4G1/CYP4G25 protein can convert substrates in these known steps (cholesterol, 5b-ketodiol, 5b-ketotoriol and 2-deoxyecdysone) using a S2 cell system that was previously utilized in biochemical studies of ecdysteroidogenic enzymes (Niwa et al. 2004 YoshiyamaYanagawa et al. 2011) . However, no metabolites have yet been detected (data not shown). Thus, it is likely that CYP4G1/CYP4G25 is involved in the currently uncharacterized, intervening conversion steps from 7dC to 5b-ketodiol, known as the Black Box . Another possibility is that CYP4G1/CYP4G25 negatively regulates ecdysone biosynthesis or inactivates ecdysteroids in the PG. In fact, the late pupal lethality, which occurs in Cyp4g1 null mutants (Gutierrez et al. 2007) , is also observed in loss-of-function mutants of Cyp18a1, which encodes a P450 gene that inactivates ecdysteroids in peripheral tissues (Rewitz et al. 2010; Guittard et al. 2011) . It is also noteworthy that both B. mori Cyp4g25 (Fig. 3a) and D. melanogaster Cyp18a1 (Guittard et al. 2011) show strong expression in the salivary gland, one of the tissues thought to play a role in inactivating ecdysteroids. Further biochemical studies on CYP4G1/CYP4G25 will shed light on the molecular mechanisms controlling insect development.
